Elucidating how antigen exposure and selection shape the human antibody repertoire is fundamental to our understanding of B-cell immunity. We sequenced the paired heavy-and light-chain variable regions (VH and VL, respectively) from large populations of single B cells combined with computational modeling of antibody structures to evaluate sequence and structural features of human antibody repertoires at unprecedented depth. Analysis of a dataset comprising 55,000 antibody clusters from CD19
Elucidating how antigen exposure and selection shape the human antibody repertoire is fundamental to our understanding of B-cell immunity. We sequenced the paired heavy-and light-chain variable regions (VH and VL, respectively) from large populations of single B cells combined with computational modeling of antibody structures to evaluate sequence and structural features of human antibody repertoires at unprecedented depth. Analysis of a dataset comprising 55,000 antibody clusters from CD19
− IgM-naive B cells, >120,000 antibody clusters from CD19
+ antigenexperienced B cells, and >2,000 RosettaAntibody-predicted structural models across three healthy donors led to a number of key findings: (i) VH and VL gene sequences pair in a combinatorial fashion without detectable pairing restrictions at the population level;
(ii) certain VH:VL gene pairs were significantly enriched or depleted in the antigen-experienced repertoire relative to the naive repertoire; (iii) antigen selection increased antibody paratope net charge and solvent-accessible surface area; and (iv) public heavy-chain third complementarity-determining region (CDR-H3) antibodies in the antigen-experienced repertoire showed signs of convergent paired light-chain genetic signatures, including shared light-chain third complementarity-determining region (CDR-L3) amino acid sequences and/or Vκ,λ-Jκ,λ genes. The data reported here address several longstanding questions regarding antibody repertoire selection and development and provide a benchmark for future repertoire-scale analyses of antibody responses to vaccination and disease.
antibody | B cell | immunology | high-throughput sequencing | computational modeling E ffective antigen recognition by the humoral immune system is predicated on the somatic generation of a large antibody repertoire that encompasses the sequence and conformational diversity to respond to a highly diversified set of antigens (1) (2) (3) . Upon antigen challenge, naive B cells (NBCs) expressing unmutated antibodies capable of binding antigen with an affinity sufficient to initiate B-cell receptor (BCR) signaling may be stimulated to undergo somatic hypermutation (SHM) of the antibody genes. B cells expressing higher-affinity BCRs are better equipped to compete for antigen and thus receive signals that enable their preferential proliferation and further antibody sequence diversification in additional rounds of SHM. This process generates a repertoire of somatically mutated antibodies that, at the structural level, generally display decreased conformational flexibility (4, 5) , slower antigen dissociation rates, and increased binding selectivity relative to the germline repertoire.
Understanding the salient features of the human antibody repertoire is critical for immunology research (6, 7) . Specifically, additional information is needed regarding how a history of pathogen and environmental exposure modulates the sequence and conformational properties of naive antibodies to yield a mature antibody repertoire that confers effective protection. High-throughput DNA sequencing of the heavy-chain variable (VH) gene repertoire from human donors has begun to delineate repertoire-wide differences among antibodies encoded by different B-cell subsets (8) (9) (10) (11) (12) (13) (14) . For example, antigen experience has been reported to result in decreased length and hydrophobicity of the heavy-chain third complementarity-determining region (CDR-H3) and to alter CDR-H3 amino acid content relative to the naive repertoire (8, 9) . Analysis of the VH repertoire in identical twins provided evidence that germline gene use is genetically predetermined (10) , but other studies demonstrated that VH gene use for a particular B-cell subset among different donors is more closely related than are different B-cell subsets within an individual (8, 9, 11) . However, because of technical limitations (13) , these and other studies were confined to analysis of the heavy and light chain repertoires separately. Earlier studies using limiting dilution and single-cell cloning to determine complete antibody gene sequences
Significance
We applied a very recently developed experimental strategy for high-throughput sequencing of paired antibody heavy and light chains along with large-scale computational structural modeling to delineate features of the human antibody repertoire at unprecedented scale. Comparison of antibody repertoires encoded by peripheral naive and memory B cells revealed (i) preferential enrichment or depletion of specific germline gene combinations for heavy-and light-chain variable regions and (ii) enhanced positive charges, higher solvent-accessible surface area, and greater hydrophobicity at antigen-binding regions of mature antibodies. The data presented in this report provide fundamental new insights regarding the biological features of antibody selection and maturation and establish a benchmark for future studies of antibody responses to disease or to vaccination.
[i.e., both VH and light-chain variable (VL) or VH:VL] in small numbers of B cells have provided invaluable insights into aspects of B-cell and antibody repertoire development (15) (16) (17) (18) (19) (20) . However, because of the low throughput of B-cell cloning, it has not been possible to address a number of key questions that require more comprehensive coverage of the VH:VL repertoire. For example, whether heavy and light chains pair in a combinatorial fashion or instead whether certain germline heavy-chain genes are conformationally predisposed to pair with particular light-chain genes remains controversial (15, 21, 22) .
Although repertoire-wide crystallographic studies are not feasible at present, advances in computational protein modeling have enabled the structure of antibodies having moderate-length CDR loops to be predicted accurately (23) (24) (25) (26) . In particular, computational models using RosettaAntibody-predicted X-ray structures within 1-1.5 Å rmsd in framework and canonical loops and 2 Å in CDR-H3 loops (27) . However, the use of RosettaAntibody for repertoire analysis requires, first and foremost, the availability of high-quality paired VH and VL sequence data for each antibody; second, significant computational resources for efficient execution of large-scale computational modeling of antibody repertoires; and, finally, an appropriate suite of informatic tools and statistical metrics suitable for repertoirelevel comparisons. Such a pipeline enables the study of the physicochemical properties of antibody repertoires important for disease and autoimmunity (9, 18, 28) on a 3D level at the site of antigen contact.
Here we deployed a recently developed technology designed for massive determination of the natively paired VH:VL repertoire from single B cells (29, 30) coupled with high-throughput computational modeling to obtain the first (to our knowledge) comprehensive sequence and structural examination of human naive and antigen-experienced antibody repertoires circulating in peripheral blood. Our analysis of >170,000 high-quality antibody sequence clusters and >2,000 antibody models of naive and antigen-experienced repertoires from three human donors provided comprehensive data that have enabled us to address the questions stated above in addition to several other longstanding issues regarding antibody repertoire maturation and development. (29, 30) . (C) VH:VL sequences were quality filtered for read quality, two or more reads, and 96% CDR-H3 identity clustering to remove sequence errors. Additional quality controls for the naive antibody dataset included filtering for IgM expression and SHM load to enhance data purity beyond the limitations of FACS. (D) Antibodies were selected for modeling from among sequences with the highest read counts and were filtered for CDR-H3 length and the availability of high-quality, high-sequence-similarity structural templates in the PDB. (E) Antibody repertoires were modeled using RosettaAntibody 3.0. (F) CR-paratopes were identified from antibody models and analyzed for charge (Upper), hydrophobicity (Middle), and SASA (Lower). Sequence and structural metrics were analyzed using a variety of statistical approaches to gain new biological understanding from high-throughput antibody repertoire data.
Results
Determination of Antibody Sequence and Structural Repertoires.
− NBCs were isolated from peripheral blood mononuclear cells (PBMCs) of three healthy human donors ( Fig. 1A and SI Appendix, Fig. S1 ). IgM amplicons encoding natively paired VH and VL sequences were generated and sequenced using a single-cell emulsion-based methodology (Fig. 1B) . Briefly, paired heavy-and light-chain sequencing was achieved via single-cell isolation in emulsion droplets, cell lysis, and mRNA capture, overlap extension RT-PCR to link heavy and light chains, and Illumina MiSeq sequencing of the VH:VL cDNA product (29, 30) . We obtained 55,355 antibody sequences from NBCs following filtering for read quality, functional gene segment identification, and CDR-H3 clustering. Sequences in the naive group were filtered for >98% germline nucleotide identity in the framework 3 region (FR3), similar to previous reports (10) , to eliminate antibody sequences caused by FACS artifacts (typically <1% of nonnaive cells) or by low-frequency CD27
-antigen-experienced B cells (AEBCs) falling within the sort gates ( Fig. 1C ; also see SI Appendix, SI Methods) (31, 32) . For two of these donors we determined the IgM/IgG/IgA VH:VL paired repertoire of CD3 − CD19 + CD20 + CD27 + AEBCs from the same blood draw. A total of 123,941 distinct CDR-H3:light-chain third complementarity-determining region (CDR-L3) clusters corresponding to antigen-experienced VH:VL pairs were thus obtained (SI Appendix, Table S1 ). MiSeq 2 × 300 technology permits sequencing 600 bp of the ∼850-bp VH:VL amplicon per sample, and therefore full-length VH and VL genes for AEBCs were generated via bioinformatic assembly of the separate VH, VL, and VH:VL sequencing samples as described previously (29, 30, 33, 34) . No gene assembly was necessary for NBC sequences because naive BCRs do not exhibit SHM and can be assumed to correspond to germline FR1-FR3 VH and VL gene segments.
Structural antibody repertoire modeling was performed using the RosettaAntibody 3.0 antibody modeling protocol implemented on a high-performance computing cluster ( Fig. 1 D and  E) . Briefly, structures were generated by (i) grafting homologous template framework and CDR loop regions and (ii) de novo modeling of the CDR-H3 while refining the surrounding loops and the relative orientation of heavy-and light-chain variable (V H and V L , respectively) domains. Top-scoring models were selected from thousands of candidate model structures. From the two donors, 1,014 naive and 1,015 antigen-experienced antibody models were generated (SI Appendix, Table S1 ) at an estimated computational expense of 570,000 CPU hours. Paratopes of antibodies are the regions that directly recognize and bind to antigens. We estimated the paratope using contact-residue regions observed in antibody-antigen crystal structures (35) . We calculated the net charge, solvent-accessible surface area (SASA), and hydrophobic solvent-accessible surface area (hSASA) over the computationally estimated contact-region paratopes (CR-paratopes), and we analyzed framework regions (FR) for conformational similarities and differences at the repertoire level (Fig. 1F ).
V-Gene Use and Public VH:VL Characteristics Differ in Naive and Antigen-Experienced Antibody Repertoires. We sought to understand how paired heavy:light V-gene use differed across individuals and across B-cell subsets ( Fig. 2A and SI Appendix, Fig.  S2 ). Pearson hierarchical clustering of VH:VL repertoire V-gene use revealed that naive antibody repertoires from different individuals clustered together, whereas antigen-experienced repertoires from multiple donors clustered separately from naive repertoires (Fig. 2B, Left) . In other words, full antibody (i.e., paired VH:VL) V-gene use in naive repertoires was more similar to the naive repertoires of other donors than to a donor-matched antigen-experienced repertoire. Further, subclassification of the antigen-experienced repertoire by heavy-chain isotype revealed that antigen-experienced IgM repertoires clustered as one group, whereas class-switched repertoires (IgG, IgA) clustered separately ( Fig. 2B, Right; principal component analysis is reported in SI Appendix, Fig. S3 ) Antigenexperienced class-switched IgG and IgA subsets were more similar within an individual than across the two individuals (indicated by the height separating groups in Fig. 2B , Right, and also observed in principal component analysis and pair-wise Pearson correlation coefficients in SI Appendix, Figs. S3 and S4).
We next performed statistical analysis to understand shifting heavy:light V-gene gene use across B-cell subsets using linear model-based t tests with adjustment for multiple comparisons (36) . We found 28 statistically significant enriched/depleted VH:VL gene pairs in AEBCs compared with the NBC repertoire, with an adjusted P value less than 0.05, comprising 3.2% of the 872 germline VH:VL gene combinations present in all experimental samples (Fig. 2C) . As one salient example, previous studies provided conflicting reports on IGHV6-1 prevalence across B-cell subsets [IGHV6-1 being reported as both enriched (9, 12) and depleted (10) in antigen-experienced subsets]. Interestingly, we found IGHV6-1 was significantly depleted in antigen-experienced subsets when paired with certain light-chain V-genes (KV1-33, LV3-19, LV1-40, and LV3-1); however IGHV6-1 was enriched when paired with other light-chain genes (e.g., KV4-1, LV2-11, and LV1-44). Differentially enriched/depleted VH:VL pairs and a comprehensive list of VH:VL genes and P values are provided in SI Appendix, Table S2 and other data in SI Appendix. We performed several statistical analyses after subdividing the repertoire into SHM bins to understand the role of SHM in gene use; no clear correlations between gene use and SHM load were identified.
A longstanding question in studies of the antibody repertoire is whether certain VH:VL V-gene combinations are favored or disfavored relative to random or combinatorial, VH:VL gene pairings (15, 21, 22) . Given p VH genes represented at x fraction among all antibodies, and q VL genes represented at y fraction among all antibodies, then p × q different Ig VH:VL gene pairings can be formed at an expected x i × y j fraction for each i-j VH:VL gene pair in the repertoire (defined as the VH:VL expectation value). A reduced frequency of observation for a particular VH:VL gene pair relative to its expected frequency would suggest negative selection for that VH:VL; negative VH:VL selection could arise from structural incompatibility of V H and V L domains. We applied several statistical techniques including linear model-based t tests (36) , DESeq (37) , and Student's t test to identify reduced-frequency "holes" and increased-frequency "peaks" compared with the x i × y j expectation value (null) hypothesis that could be observed repeatedly within each B-cell subset in multiple donors. No statistically significant holes or peaks could be identified across donors among the B-cell subsets analyzed, consistent with prior small datasets (15, 21) and indicating that any disproportional pairings of human heavyand light-chain V-genes that were observed in a single B-cell dataset were not replicated in other donors.
Analysis of a small set (<200) of antibody sequences obtained by single B-cell cloning (15) and high-throughput sequencing of VH repertoire subsets (8) had suggested that the CDR-H3 region is shorter, has a more basic pI, and is more hydrophilic in AEBCs than in NBCs. We observed that the reduction in CDR-H3 length in antigen-experienced repertoires compared with naive repertoires was very slight, although the difference between distributions was statistically significant [naive CDR-H3: 15.23 ± 3.69 amino acids, antigen-experienced: 15.08 ± 3.64 amino acids, mean ± SD, International Immunogenetics Information System (IMGT) CDR3 length definitions, P < 10
by the Kolmogorov-Smirnov (K-S) test which compares the equality of distributions] (SI Appendix, Fig. S5A ). We found no strong correlation in paired heavy-and light-chain CDR3 loop lengths (SI Appendix, Fig. S5 C and D) , as has been previously inferred from limited antibody sequence data (15, 21) .
Promiscuous light-chain sequences (i.e., light chains paired with two or more VH sequences) have been observed previously and result from the lower diversity of light-chain Vκ,λ-Jκ,λ junctions (6, 29) . We found widespread evidence of promiscuous light-chain junctions, i.e., Vκ,λ-Jκ,λ junctions observed in multiple BCRs within the same donor. In NBCs, promiscuous CDR-L3 junctions comprised 68.4 ± 4.5% of the repertoire at the nucleotide level (78.5 ± 4.0% based on protein sequence). The fraction of promiscuous Vκ,λ-Jκ,λ junctions was reduced in AEBCs (30.2 ± 3.9% nucleotide basis, 46.9 ± 5.7% amino acid basis) (29) . Promiscuous Vκ,λ-Jκ,λ junctions paired with a diverse set of heavy-chain genes (29) , consistent with the hypothesis that promiscuous light-chain CDR3 sequences emerge as a consequence of high-probability light-chain Vκ,λ-Jκ,λ recombination events.
Public Vκ,λ-Jκ,λ nucleotide and amino acid junctions (i.e., junctions observed in more than one individual) comprised a significant fraction of NBC CDR-L3s (64.6 ± 6.1% by nucleotide, 75.7 ± 6.7% by amino acid) and AEBC CDR-L3s (16.6 ± 0.3% by nucleotide, 33.6 ± 1.9% by amino acid) (6, 29, 38, 39) . In contrast to the high prevalence of public Vκ,λ-Jκ,λ nucleotide sequences, we observed very few public CDR-H3 nucleotide sequences across individuals (three among naive groups, one between antigen-experienced groups), as was consistent with prior reports (10, 13, 40) . At the amino acid level we observed 23 CDR-H3 sequences that were shared between two donors in the naive repertoire (0.083% frequency; no CDR-H3 was shared among all three donors) and 38 CDR-H3 amino acid sequences that were shared between two donors in the antigen-experienced repertoire (0.061% frequency). Public CDR-H3 lengths were significantly shorter than CDR-H3 lengths in the overall repertoires, presumably reflecting the lower sequence diversity inherent to shorter CDR-H3s, as is consistent with a higher probability of the same short junction occurring in different individuals (SI Appendix, Fig. S6A ) (40, 41) . We detected five antigen-experienced public CDR-H3 amino acid sequences that were paired with identical CDR-L3 amino acid sequences; all five public CDR-H3: CDR-L3 antibodies were encoded by different nucleotide sequences with distinct patterns of N/P addition, SHM, gene composition, and isotype use, indicating that they derived from distinct V(D)J recombinations (SI Appendix, Table S3 ). Convergence in light-chain gene pairing was markedly higher for antigen-experienced public CDR-H3 antibodies that had undergone antigen 
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selection than for public CDR-H3 antibodies from NBCs (SI Appendix, Fig. S6B ), reinforcing the hypothesis that public antigen-experienced CDR-H3 antibodies can be functionally selected for binding to common antigens (42) (43) (44) (45) .
Structural Differences in Repertoire Charge, Surface Area, and
Hydrophobicity. We first analyzed the predictive accuracy of RosettaAntibody for naive antibodies. RosettaAntibody models have been reported to have an FR and canonical loop accuracy of 0.45-to 1.0-Å rmsd relative to X-ray structures of antigenexperienced antibodies and an average 2.1-Å rmsd in CDR-H3 loops (27) . For the seven human germline antibodies in the Protein Data Bank (PDB) (100% sequence identity to germline V-gene segments), our RosettaAntibody models displayed a 0.8-to 1.4-Å rmsd in FR and canonical CDR loops and a <2.4-Å rmsd in CDR-H3 relative to X-ray structures. We produced antibody models for sequences that were unique among all repertoires and for which high-sequence-identity templates of FR and canonical CDRs were available in the PDB, as required for homology modeling. Because computational structural prediction of long CDR-H3 loops is problematic, we considered only the antibody repertoire subset with CDR-H3 lengths of <16 amino acids, by the Chothia definition (76% of total sequenced antibodies). We sought to characterize the repertoire-wide physicochemical properties of computationally modeled CR-paratopes, including charge, hydrophobicity, SASA, and hSASA; these properties have been shown to be important in tolerance and for the avoidance of self-reactivity (8, 12, 18) . We calculated physicochemical metrics holistically over all six regions of each antibody that comprise the most likely antigen-binding contacts, i.e., the CR-paratope. The CR-paratope overlaps but does not perfectly coincide with the six CDRs of an antibody, which are classically defined by hypervariable amino acid sequence (see SI Appendix, SI Methods for a detailed description). The CR-paratope charge in naive and antigen-experienced repertoires was found to be heavily influenced by V-gene use (Fig. 3A) . Naive antibodies exhibited a slightly more negative CR-paratope charge than antigen-experienced antibodies, with distribution mean charges of −1.1 and −0.68, respectively (median charges −1 and 0; differences in charge distribution were statistically significant by the K-S test, P = 2.8 × 10
−3
). Antibodies using the gene segment IGKV1-33 exhibited a strong negative charge over the CR-paratope because of a −3 charge in the IGKV1-33 germline. Reanalysis of CRparatope charge distribution data when antibodies using IGKV1-33 were excluded rendered the differences in CR-paratope charge distribution between the repertoires nonsignificant (P = 0.096 by K-S test, n = 859 for naive and n = 958 for antigen-experienced repertoires). IGKV1-33 is a common gene segment, representing 15% of V-gene use in paired V H :V L naive repertoire models but only 3.1% in antigen-experienced models (8.9% and 3.1%, respectively, in donor sequences). Indeed, IGKV1-33 is also a member of four VH:VL V-gene pairs which have statistically significant decreased expression in antigen-experienced repertoires (SI Appendix, Table S2 ) (10) .
We compared charge distributions in computationally modeled antibody CR-paratopes with those of CDR-H3:CDR-L3 amino acid sequences. CDR-H3:CDR-L3 sequences from both naive and antigen-experienced repertoires exhibited neutral charge distributions, with 90% of the repertoire falling between +2 and −2 by total CDR3 loop charge ( (D) CDR-L3 charge for naive and antigen-experienced BCR repertoires. In all panels, differences in charge distribution between naive and antigen-experienced repertoires were statistically significant by the K-S test (P = 3.5 × 10 −3 for A; P < 10 −15 for B-D). The number in each group is provided in SI Appendix, Table S1 ;
error bars represent SD.
with our CR-paratope charge analysis, the antigen-experienced CDR-H3:CDR-L3 amino acid sequences displayed a slightly reduced negative charge as compared with the naive sequences (mean charges of −0.47 and −0.099, respectively) (Fig. 3B) . Antigen-experienced CDR-H3 and CDR-L3 repertoires showed statistically significant increases in net charge distributions as compared with naive repertoires [ Fig. 3 C (8, 40 ) and D and SI Appendix, Table S4 ]. Increased CDR3 charge was observed in antigen-experienced CDR-H3 and CDR-L3 concurrently and was evident even when antibodies were binned for gene use (SI Appendix, Figs. S7 and S8), indicating that the shift toward a more positive charge was driven by functional BCR selection rather than by changing gene use. We also observed distinct distributions of CDR-L3 charge across kappa vs. lambda lightchain repertoires, with kappa CDR-L3 repertoires being significantly more positively charged than lambda CDR-L3 repertoires (SI Appendix, Fig. S9 and Table S5 ). Importantly, distinct Igκ vs. Igλ light-chain charge distributions also were evident in lightchain CR-paratopes. Kappa CR-paratopes had a median charge of 0, whereas lambda CR-paratopes had a median charge of −1 (P = 1.8 × 10 −9 for naive kappa vs. lambda charge distribution and P < 10 −15 for antigen-experienced kappa vs. lambda charge distribution by K-S test) (SI Appendix, Fig. S10 ).
BCRs with positive charge extremes were slightly more prevalent in antigen-experienced repertoires than in naive repertoires. Antibodies having highly positively charged CDR3s are more likely to be autoreactive, and B cells encoding positively charged CDR3s are known to be eliminated at distinct developmental checkpoints in bone marrow (18) . Nonetheless, our results showed that a small but significant fraction of highly positively charged antibodies is found in NBCs in the periphery. Further, the frequency of such antibodies was statistically significantly increased by antigen exposure (+5 or +6 CDR-H3: CDR-L3: average 0.24% of naive vs. 0.33% of antigen-experienced antibodies, P = 2.7 × 10 −4 by Z test.) We next analyzed the hydrophobicity of paired CDR-H3 and CDR-L3 loops by calculating the hydrophobic index (H-index) (46) . Although distributions in average H-index did not show significant differences between naive and antigen-experienced repertoires, we observed major differences in the CDR-L3 average H-index between kappa and lambda repertoires (SI Appendix, Fig. S9 ). Lambda light-chain CDR3s were more hydrophobic than kappa CDR3s, and these patterns were consistent across donors (P < 10 −14 ). Kappa CDR-L3s were under stronger H-index positive selection pressure than lambda light chains (the mean H-index from naive to antigen-experienced increased by 0.037 in kappa light chains compared with 0.016 in lambda light chains) (SI Appendix, Fig. S9 and Table S5 ), perhaps because of the much lower hydrophobicity of naive kappa light chains. 
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The availability of structural models also enabled us to characterize the SASA and the hSASA across the antibody repertoire CR-paratopes (Fig. 4A ). There was a very slight increase in median SASA, from 2,600 Å 2 in antibodies from NBCs to 2,650 Å 2 in antibodies from AEBCs (mean SASA 2,611 vs. 2,633 Å 2 , respectively, P = 6.5 × 10 −5 by K-S test to compare SASA distributions) (Fig. 4B) . We observed that IGHV4-59 and IGHV4-34 had a strong impact on naive and antigen-experienced antibody SASA. For example, antibodies using IGHV4-34 were characterized by a smaller-than-average SASA (2,527 Å 2 for antibodies using IGHV4-34 vs. 2,637 Å 2 average for all modeled antibodies in this study) and comprised 8% of the naive repertoire but only 3% of the antigen-experienced repertoire.
Additionally we found that the median SASA contributed by CDR-H1 was slightly smaller, at 400 Å 2 for naive antibodies (Fig.   4C ), than the median of 425 Å 2 in the antigen-experienced antibodies (means: 407 Å 2 and 430 Å 2 , respectively; adjusted P value = 2.5 × 10 −12 by K-S test to compare H1-SASA distributions). Although distribution means differed only slightly, the overall probability distributions of NBC vs. AEBC repertoire CR-paratope SASA and CDR-H1 SASA were significantly different, trending toward greater SASA in the CR-paratope of antibodies over the process of antigen experience.
The fraction of hSASA (i.e., the hSASA/SASA ratio) in antigenexperienced antibodies displayed a slight but statistically significant median increase, from 0.57 to 0.58 (means 0.57 and 0.58, respectively; adjusted P value = 2.5 × 10 −4 for donor 1 and 7.6 × 10 −8 for donor 2) (Fig. 4D) . Antibodies using IGHV4-59, IGHV1-18, and IGHV3-33, along with IGHV1-3, IGHV3-30, and IGKV3-20 experienced small but statistically significant . Average pairwise rmsds are plotted for antibodies using the same V-gene segment, using the same V-gene family, and using two different V-gene families; naive repertoires are shown in blue, and antigen-experienced repertoires are shown in red; error bars indicate SD. Distribution differences between naive and antigen-experienced repertoires were statistically significant for all comparisons by the K-S test (P < 10 −15 in C and D). The number for each group is given in SI Appendix, Table S1 ; error bars represent SD.
increases in the hSASA fraction in antigen-experienced antibody CR-paratopes of 1-3% (P = , respectively). CDR-L3 CR-paratope hydrophobicity correlated well with sequence-based hydrophobicity metrics, with lambda CR-paratopes exhibiting a 10% higher hSASA fraction than kappa CR-paratopes over the CDR-L3.
Antibody FRs dictate the conformational space accessible to the CDRs. Conserved V H :V L interactions at FR positions are critical determinants of variable domain stability (47) (48) (49) (50) . To explore the relationship between V-gene use and antibody structural similarity within FRs, we calculated the rmsd of antibody models to each other over the FR1-3 backbone within each naive or antigen-experienced computationally predicted antibody model repertoire (V H : 8-25, 36-51, and 57-94 and V L : 10-23, 35-49, and 57-88 backbone residue atoms by the Chothia definition; see SI Appendix, SI Methods). Pairwise antibody heavy-chain FR rmsds were calculated over the heavy-chain V-gene segment and compared across gene subsets in each donor (Fig. 5 A and B) . We found that antibody structures were remarkably similar to each other over the V H FR regions, with a median overall rmsd of 1.02-1.09 Å in naive repertoires and 1.03-1.04 Å in antigen-experienced repertoires (Fig. 5) . In naive repertoires, the FRs of antibodies having the same VH gene segment use were indistinguishable (same median rmsd of 0.13 in both donor 1 and donor 2) and slightly less so in antigenexperienced repertoires (median rmsds of 0.41 and 0.48 Å in donors 1 and 2, respectively, P < 10 −15 by K-S test). A similar trend was observed for antibodies using VH gene segments from the same family (i.e., IGHV1, IGHV2, and so forth), with naive antibodies having a closer structural similarity to each other than antigen-experienced antibodies (naive antibodies: median rmsds of 0.51 Å in both donors; antigen-experienced antibodies: median rmsds of 0.56 and 0.57 Å in donors 1 and 2, respectively, P < 10 −15 for both donors by K-S test). Interestingly, pairwise rmsds were not substantially increased for antibody pairs using VH gene segments from different VH gene families, with a median rmsd of 1.1 Å in all repertoires across both donors (P < 10 −15 by K-S test for naive and antigen-experienced repertoires in both donors). We compared the FR1-3 rmsds among antigen-experienced predicted models in each donor with 141 nonredundant human antibody structures in the PDB (SI Appendix, SI Methods). Overall rmsd for the set of crystal structures from the PDB was 1.0 ± 0.29 Å; among antibodies using different V-gene segments the median rmsd was 1.1 ± 0.22 Å (SI Appendix, Fig. S11 ), in excellent agreement with our RosettaAntibody predictions. Of note, antibody sequences in the PDB were more somatically hypermutated than the antibodies modeled here, with antibodies in the PDB having 83% average germline sequence identity vs. the 88% average in our antigen-experienced repertoires. Thus, we conclude that at the repertoire level SHM does not appear to exert a significant impact on FR structural diversity.
Discussion
The results presented here constitute by far the most in-depth analysis to date of naive and antigen-experienced human antibody repertoires, both at the sequence level and with respect to structural paratope features. Although the technical capabilities for tackling larger numbers of donors now exist, we focused on the analysis of a small set of donors in this study because scaling the scope of such analysis must be tempered by cost considerations, particularly regarding the computational capacity for data analysis and structural modeling (e.g., >250,000 CPU hours per 1,000 antibodies). We note that biological sampling limitations restrict our ability to analyze more than a very small fraction of the 10 10 B cells in an individual; however the 1.8 × 10 5 antibody sequences that we recovered enabled highly sensitive analyses of the genetic, physicochemical, and structural properties of human antibody repertoires. The very rich data presented here highlight a number of key features of the antibody repertoire that either had not been observed previously or had been inferred from limited data.
First, the question of whether heavy-and light-chain gene pairing occurs in a purely combinatorial fashion or if, instead, germline sequences impose conformational constraints on the association of certain heavy-and light-chain genes has been hotly debated for many years. Although earlier studies relying on single-cell sequencing of tens to hundreds of B cells had argued primarily for random pairing (15, 21) , this conclusion has been challenged by recent data meta-analyses (22) . Here, examination of >175,000 high-quality antibody sequences from three donors provided compelling evidence that there are no observable biases in VH and VL gene pairing at a population level. Instead, we found that population-scale frequencies of VH:VL V-gene combinations are proportional to the relative representation of the VH and VL genes among the population. Further we observed no correlation between CDR-H3 and CDR-L3 loop lengths in either naive or antigen-experienced repertoires (SI Appendix, Fig. S5 ), as also had been inferred from limited prior data but had not yet been evaluated at the repertoire scale (15, 21) .
Second, we present evidence that combined VH:VL gene use the in naive and antigen-experienced repertoire subsets correlates much better across individuals than within a single donor (i.e., naive and antigen-experienced repertoire within the same donor). Earlier reports on the VH-only or VL-only repertoires in different B-cell subsets also had revealed interdonor concordance (9) (10) (11) (12) , and our data demonstrate that these trends also are evident when the complete antibody sequence is examined ( Fig. 2 and SI Appendix, Table S2 ). Further, the clear intradonor segregation of VH:VL gene use showed that the CD27 + IgM repertoire was distinct from class-switched CD27 + IgG/IgA ( Fig.  2 and SI Appendix, Fig. S3 ), indirectly supporting prior hypotheses that distinct developmental pathways (possibly in response to different classes of antigen, adjuvant, and/or route of exposure) drive the development of these distinct B-cell subsets, as suggested previously (51) (52) (53) .
Third, we sought to identify public sequences, i.e., sequences shared among multiple individuals, that encompassed paired heavy-and light-chain information. Public VH sequences have been reported to arise in individuals infected with certain pathogens and also at a low frequency in healthy donors (10, 40, (42) (43) (44) 54) . However, the question of whether the light chains paired with public heavy chains are also shared among individuals had not been addressed. Although we did not find any perfect nucleotide sequence matches among full-length antibodies in our datasets, at the amino acid level we identified five public CDR-H3:CDR-L3 pairs (out of 179,296 total antibody clusters), a finding that underscores the very low frequency at which public antibodies typically arise. We observed signatures of convergent light-chain genes among public antibodies expressing the same CDR-H3 amino acid sequence (SI Appendix, Fig. S6B ), contributing additional evidence to the hypothesis that public antibodies can be elicited in response to common immune stimuli (SI Appendix, Table S3 ) (40, (42) (43) (44) (45) 54) .
Fourth, repertoire-wide examination of CR-paratope features revealed a slight shift toward less negatively charged CR-paratopes, which also was observed in CDRH3:CDRL3 amino acid sequences (Fig. 3) . Shifts in net charge were observed even when antibodies were binned by gene use (SI Appendix, Fig. S8 ), providing evidence to support a functional selection mechanism for more positively charged CDR3s in both heavy (40) and light chains. This enhancement of positive charge may be driven by selection for binding to negatively charged bacterial membrane surfaces or by the generation of salt bridges between antibody CR-paratopes and negatively charged antigens. In addition to repertoire-wide differences in charge between naive and antigenexperienced antibodies, we found a slight increase in SASA that was reflected in gene use at the repertoire scale, particularly in the use of segment IGHV4-34. This gene segment may be selected against in AEBC repertoires because of its potential ability to bind mannose-binding lectins, thus explaining its implication in disease states such as follicular lymphoma (8) .
Fifth, we noted key differences in CDR-L3 charge and hydrophobicity between kappa and lambda light chains that had not been previously reported (e.g., SI Appendix, Fig. S9 ). Recent reports delineated functional differences between kappa and lambda antibody responses (55) , which may derive from the physicochemical differences between kappa and lambda isotypes reported here. The distinct physicochemical profiles of kappa and lambda light chains may serve important functional purposes in receptor editing and allelic inclusion. For example, receptor editing is known to mitigate self-targeting of autoimmunogenic antibodies (56) (57) (58) . The presence of two different light-chain gene sets, each with a distinct distribution of biochemical properties, may greatly enhance the probability of altering binding specificity by editing the light-chain isotype. Differences between kappa and lambda repertoires also may have functional importance in allelic inclusion, because kappa and lambda allelically included antibodies are more likely to show different binding specificities (29, (56) (57) (58) (59) .
Finally, the close agreement between RosettaAntibody models and crystal structures in the PDB for FR rmsd analysis indicated that computational modeling is a powerful tool for predicting the conformation of FR regions. The structural FR similarities across antibodies indicated that a limited set of available conformational space is used for V H FR domains, which does not expand significantly because of SHM, and similarities between antibody V H domains within families were especially pronounced. FR conformational similarities across V-genes may serve as a structural mechanism to enable heavy and light V-genes to pair productively with each other in a combinatorial fashion according to their overall frequencies in the repertoire and to express successfully the tremendous diversity required for effective humoral adaptive immunity. reported previously (29) . Briefly, cells were isolated into emulsion droplets along with poly(dT) magnetic beads for mRNA capture using a flow-focusing nozzle apparatus. Droplets contained lithium dodecyl sulfate and DTT to lyse cells and inactivate proteins, and mRNA released from lysed cells was captured by the poly(dT) sequences on magnetic beads. The emulsion was broken chemically as described (29), and beads were collected, washed, and used as template for emulsion overlap extension RT-PCR which linked heavy-and light-chain transcripts into a single, linked cDNA construct for high-throughput sequencing via Illumina MiSeq 2 × 250 or 2 × 300 technology. See SI Appendix, SI Methods for further details regarding cell isolation, sorting, and antibody RT-PCR and sequencing.
Bioinformatic Sequence Analysis. Illumina sequences were quality-filtered and annotated using both the IMGT (60) and National Center for Biotechnology Information IgBlast software (61) with a CDR3 motif identification algorithm (62) . CDR-H3 junction nucleotide sequences were extracted and clustered to 96% nucleotide identity with terminal gaps ignored [USEARCH v. 5.2.32 (63)], with a minimum of one nucleotide mismatch permitted during CDR-H3 junction clustering regardless of sequence length; the most abundant CDR-L3 corresponding to each CDR-H3 cluster seed was chosen as an H3:L3 pair. Resulting CDR-H3:L3 pairs with two or more reads comprised the preliminary list of VH:VL clusters for each dataset. Naive antibody sequences were additionally filtered to include only sequences with >98% germline identity in the FR3 region, similar to previous reports (10) . Additional details of bioinformatics analysis are provided in SI Appendix, SI Methods.
Structural Modeling and Analysis. Structural modeling and analyses are described in SI Appendix, SI Methods. Briefly, antibody sequences represented by the most reads from donor 1 and donor 2 (all selected antibodies were observed at >50 reads per sequence from the respective repertoire) for naive and antigen-experienced sets were analyzed. Antibody sequences were tested for uniqueness in and across repertoires, so that no sequence was modeled more than once. Antibodies with a CDR-H3 length of ≥16 amino acids (Chothia numbering) were excluded from modeling. All sequences were subsequently filtered to ensure that each FR and CDR was identifiable by the modified Chothia definitions in RosettaAntibody. Antibodies for which high-sequence-identity templates were available for CDR-H1, CDR-H2, CDR-L1, CDR-L2, and CDR-L3 were input through the RosettaAntibody 3.0 antibody modeling protocol as described (27) . A total of 1,000 trajectories were modeled per antibody; the lowest-scoring models, as evaluated by the Rosetta scoring function, were chosen for visual inspection and further analysis. The CR-paratope comprised residues that were part of the contact region of each antibody as defined by Stave Statistical Analysis. R version 3.1.1 was used for Pearson hierarchical clustering (function "hclust"). Distance between samples was measured by Pearson correlation with complete-linkage as the agglomerative method. Principal component analysis (the "princomp" function in MATLAB R2012b) was applied to processed Pearson hierarchical clustering data. R version 3.1.1 was used for the identification of differentially paired genes (package "limma" version 3.14.4) (36, 65) . Before running limma, gene pairs with zero use were removed, and quantile normalization was performed to normalize the difference in distribution of values among samples. P values for multiple comparisons were corrected with the Benjamini-Hochberg procedure. Differentially paired gene cut-offs were established at a fold-change of 2 and an adjusted P value of 0.05. R version 3.1.1 was used for the K-S test (function "ks.test"). Raw values such as charge, length, and hydrophobicity were used to compare probability distributions across experimental groups. The Z score was used to compare two proportions of amino acid charges. Further details regarding statistical tests are described in SI Appendix, SI Methods.
SI Methods

Study Design
Sample collection size in repertoire subsets was dictated by biological sampling limitations and computational (time) throughput limits. A minimum of 500 computational models were generated per repertoire. All data were included and no outliers excluded unless otherwise stated in the particular statistical method.
Cell Isolation and VH:VL Sequencing
PBMC were isolated from donated human whole blood and non-B cells were depleted via High-throughput emulsion-based VH:VL sequencing was performed as reported previously (2) . Briefly, cells were isolated into emulsion droplets along with poly(dT) magnetic beads for mRNA capture using a flow-focusing nozzle apparatus. Droplets contained lithium dodecyl sulfate and DTT to lyse cells and inactivate proteins, and mRNA released from lysed cells was captured by the poly(dT) sequences on magnetic beads. The emulsion was broken chemically as described (2) 
Bioinformatic Sequence Analysis
Illumina sequences were quality-filtered for a minimum Q-score of 20 over 50% of the raw reads.
Reads were mapped to V-, D-, and J-genes and CDR3s extracted using both the International Immunogenetics Information System (IMGT) (5) and NCBI IgBlast software (6) with a CDR3 motif identification algorithm ( were clustered by 90% identity using USEARCH, and the largest of the resulting clusters were analyzed by consensus sequence annotation using IMGT to determine percent homology to known germline genes.
Naïve antibody sequences were filtered to include only those sequences with >98% germline identity in the FR3 region, similar to previous reports (10) . Amino acid sequence hydrophobicity was determined using the normalized version of the Kyte-Doolittle hydrophobicity index (H-index) (11) .
Raw DNA sequence data can be downloaded from the NCBI Short Read Archive (SRA) under accession numbers PRJNA315079, SRX709626 (Donor 1 antigen-experienced VH:VL), and SRX709625
(Donor 2 antigen-experienced VH:VL). Computer source code and associated data are available for download from the GitHub repository PNAS_2015-25510.
Structural Modeling
Antibody sequences represented by the most reads from Donor 1 and Donor 2 (with all selected antibodies being observed at >50 reads per sequence from the respective repertoire); naïve and antigenexperienced sets were analyzed. Antibody sequences were tested for uniqueness in and across repertoires, so that no antibody was modeled more than once. Antibodies with a CDR-H3 length of ≥16 (Chothia 5 numbering) amino acids were excluded from modeling. All sequences were subsequently filtered to ensure that each FR and CDR was identifiable by the modified Chothia definitions. Antibodies for which high sequence identity templates were available for CDR-H1, CDR-H2, CDR-L1 CDR-L2 and CDR-L3
were input through the RosettaAntibody 3.0 antibody modeling protocol as described (12) . First, highquality crystal structure templates (resolution ≤ 2.8 Å; CDR Cα B-factors ≤ 50) with high sequence identity for each FR (FR1-4) and CDR (1-3) were selected via BLAST searches and grafter together. The grafted models were then refined via backbone and sidechain minimization, repacking, and relaxation (13) . The CDR-H3 loops of successfully refined models were then modeled de novo using the NextGeneration KIC algorithm while simultaneously refining VH:VL orientations via Rosetta SnugDock (14) .
Those CDR-H3 loops predicted to adopt a kinked conformation were de novo modeled with constraints, restricting the pseudodihedral angle of the four consecutive Cα atoms of residues H100X, H101, H102, and H103 to -10º to 70º. A total of 1,000 trajectories were modeled per antibody, with the lowest scoring 
Paratope Analysis
The CR-paratope comprised residues that were part of the contact region of each antibody as 
Control Antibody Datasets
A set of 141 non-redundant human antibody crystal structures with a resolution of <4Å was selected for passing all structural modeling filters and subjected to CR-paratope analysis side-by side with computationally modeled repertoires to ensure physically relevant metrics. PDB codes for this dataset:
1ad0 1ad9 1adq 1aqk 1bbj 1bey 1bvk 1dee 1dl7 1dn0 1dql 1fvd 1gaf 1h0d 1i9r 1igm 1iqd 1jpt 1jv5 1kfa 1l7i 1mco 1mim 1nl0 1rz7 1t3f 1u6a 1uj3 1vge 1w72 1wt5 1za6 2agj 2aj3 2b1h 2cmr 2d7t 2eiz 2fee 2fjh 2fl5 2g75 2h9g 2j6e 2jb5 2qqk 2qqn 2qr0 2qsc 2r0k 2r56 2uzi 2vxq 2vxv 2wuc 2xa8 2xra 2xzc 2yc 2zkh 7 3aaz 3d85 3dgg 3dif 3dvg 3eo9 3g04 3g6a 3giz 3gjf 3gkw 3go1 3h0t 3h42 3hc3 3hc4 3hi6 3hmx 3k2u 3kdm 3kr3 3kym 3l5y 3ma9 3mlr 3mxw 3n85 3n9g 3na9 3ncj 3nfs 3nh7 3oaz 3p0y 3pgf 3qcu 3qot 3r1g 3sdy 3se9 3sqo 3t2n 3tnm 3tnn 3u0t 3u30 3uji 3ujj 3uls 3wd5 4d9l 4d9q 4dag 4dgy 4dke 4dkf 4dtg 4fqi 4g3y 4g5z 4g6a 4g6m 4gsd 4hcr 4hfu 4hfw 4hg4 4hie 4hj0 4hpy 4hs6 4hs8 4i77 4j6r 4jam 4jpi 4jzn 4ky1 4lmq 4lst 4lsu.
Naïve Antibody Modeling Control Dataset
RosettaAntibody models have previously been reported to have an accuracy of 1 Å RMSD in framework and canonical loops, and 2 Å in CDR-H3 loops. Independent analysis of seven germline antibodies (containing 100% sequence identity to germline gene segments in V-genes) from the PDB was 
Statistical Analysis
Pearson Hierarchical Clustering: R (version 3.1.1) was used for hierarchical clustering (function "hclust"). The fractional frequency of V-gene pairs was first multiplied by a scaling factor of 100,000.
After discarding gene pairs with zero fraction, fractions were log2-transformed and normal distributions were generated. Distance between samples was measured by Pearson correlation with complete-linkage as the agglomerative method. Figure S9 . Ig CDR-L3s showed more positive charge and more negative average hydrophobicity than Ig CDR3s (see Figure S9 ). Figure 2B ; data point numbers indicate donor identification number. -5 , CDR-L3 length means: Naïve 9.700, Ag-Exp 9.724; medians Naïve 9, Ag-Exp 9 aa, respectively. . (D) ). All naïve repertoire distributions were statistically significant from antigen-experienced repertoires by K-S test (p < 10 -14 ). N for the above repertoires is provided in Table S1 ; means for the above graphs are provided in Table S5 . -15 for all antigen-experienced versus solved crystal structure RMSD distributions. N for antigen-experienced repertoires is provided in Table  S1 ; N=141 for PDB crystal structures.
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